. We and others have identiWorcester, Massachusetts 01605 fied a Saccharomyces cerevisiae TAFII complex (yTAFII complex) that shares functional and structural similarities with higher eukaryotic TFIID (Reese et al., 1994; Summary Poon et al., 1995; Moqtaderi et al., 1996a 
specific for G1 cyclins. The results indicate that temperature-dependent inactivation of yTAFII145 dramatically decreased transcription of the G1 cyclin genes CLN1, CLN2, PCL1, and PCL2. Figure 2A also shows that transcription of the CLN3 gene, whose transcription is not cell cycle-regulated (Nasmyth, 1993) , was unaffected by yTAF II 145 inactivation. Figures 2C and 2D show that transcription of the B-type cyclin genes CLB5 and CLB6, whose products mediate S phase progression (Nasmyth, 1993) , also required functional yTAF II 145. Based upon these data and previous results, we conclude that yTAFII145 is required for transcription of G1 cyclins and CLB5/6 and that this requirement is relatively specific.
The G1 Cyclin and Clb5/6 Transcriptional Decrease Is a Primary Effect of yTAF II 145 Inactivation
Transcription of the genes encoding G1 cyclins and Clb5/6 is cell cycle-regulated, commencing in mid-to- Figure 1 . Dispensability of yTAFIIs for Global RNA Polymerase IIlate G1 (Nasmyth, 1993; Breeden, 1996) . Because cells cell cycle block. For example, arrest by any mechanism prior to the point at which G1 cyclin and CLB5/6 transcription begins would explain the data of Figure 2 . activators were transcribed normally (Apone et al., 1996;  We carried out several experiments to address this Moqtaderi et al., 1996b; Walker et al., 1996) . To confirm possibility. First, we examined the early kinetics of cyclin and extend this result, we analyzed the population of gene transcription and found that the loss of transcripactively transcribed genes by hybridization with a 32 Ptional activity was extremely rapid; for example, Figure  labeled oligo(dT) probe to detect total poly(A) ϩ mRNA. 2B shows that transcription of G1 cyclin genes was Because the half-lives of most yeast mRNAs are relasignificantly decreased within 30 min following incubatively short (Ͻ15 min) (Chia and McLaughlin, 1979; Her- tion at the nonpermissive temperature, and Figure 2D rick et al., 1990) , this assay is a measure of transcription shows analogous results with CLB5/6. This rapid traninitiation.
scriptional loss is most consistent with a primary defect. Figure 1 shows the analysis of global RNA polymerase Second, and more importantly, several experimental II-directed transcription in yeast strains harboring a temstrategies were used to synchronize cells at a position perature-sensitive mutant in a GTF or a yTAF II . As exwhere G1 cyclins and CLB5/6 were actively transcribed, pected, inactivation of several GTFs, including RNA and under these conditions the effects of yTAFII145 inacpolymerase II itself, TBP, or SRB4, resulted in a rapid tivation were analyzed. In the first strategy, the drug and dramatic loss of transcription. In contrast, and conrapamycin, a specific inhibitor of Tor kinase, was used sistent with previous studies (Apone et al., 1996; Moq- to block cells in G1 (Heitman et al., 1991; Hung et al., taderi et al., 1996b; Walker et al., 1996 Walker et al., ), there was no 1996 . FACS analysis showed, as expected, that rapasignificant difference in the synthesis of total poly(A) ϩ mycin treatment resulted in a G1 arrest, as evidenced RNA following temperature-sensitive inactivation of by the uniform population of cells with a 1 N DNA content yTAFII145, TSM1, or yTAFII90. We conclude that multiple ( Figure 3A ) as well as an accumulation of unbudded yTAFIIs are dispensable for transcription of the vast macells (data not shown). CLN1, PCL1, and CLB5 were jority of yeast mRNA-encoding genes.
actively transcribed in these rapamycin-arrested cells ( Figure 3B , lanes 2 and 6). To examine the effect of yTAF II 145 inactivation, wild-type or mutant cells were Inactivation of yTAF II 145 Abolishes Transcription of G1 Cyclin and CLB5/6 Genes treated with rapamycin, shifted to the nonpermissive temperature, and cyclin gene transcription measured. Although the data of Figure 1 indicate that yTAFII145 is not required for transcription of most yeast genes,
The results indicate that transcription of G1 cyclins and CLB5/6 was severely diminished in the yTAFII145 temstrains bearing temperature-sensitive yTAFII145 mutations rapidly arrest in G1 following incubation at the perature-sensitive mutant but not in wild-type cells (Figure 3B ; compare lanes 3 and 4 to lanes 7 and 8). Thus, nonpermissive temperature (Walker et al., 1996) . We therefore tested whether yTAF II 145 might be specifically when cells are maintained at a cell cycle position permissive for transcription of Gl cyclin and CLB5/6 genes, required for genes involved in cell cycle progression. In Figures 2A and 2B , yeast strains harboring yTAF II 145 inactivation of yTAF II 145 still resulted in a transcriptional loss. mutations were shifted to the nonpermissive temperature (37ЊC), RNA isolated at various times, and tranIn the second experimental strategy, cells were synchronized in G1 with the ␣ factor mating pheromone. scription measured by Northern blotting using probes and then exposed to ␣ factor for 4 hr, at which time Ͼ90% of cells were arrested (data not ure 3C, lanes 3-6) and reentry into the cell cycle (data not shown). In contrast, the yTAF II 145 temperature-sensitive shown). The cells were then shifted to the nonpermissive temperature followed by removal of ␣ factor to release mutant strain failed to either reinduce cyclin gene transcription ( Figure 3C , lanes 9-12) or progress through the cell cycle block. Consistent with previous results (see, for example, Amon et al., 1993) , Figure 3C shows the cell cycle (data not shown).
To ask whether yTAFII145 and ␣ factor might affect that ␣ factor-arrested wild-type and mutant cells do not transcribe either G1 cyclin or CLB5/6 genes (lanes 2 and transcription by a related mechanism(s), we analyzed Total RNA was prepared from strains LY184, LY185, and YWS101 bearing TAF II 90, taf II 90-2, and tsm1 temperature-sensitive alleles, Figure 5 . Cyclin Promoters Confer yTAF II145 Dependence respectively, and analyzed by Northern blotting for transcription of CLN1, PCL1, and CLN3.
Northern blot probed for lacZ RNA produced in wild-type or yTAF II 145 ts cells harboring the indicated CLN2, CLB5, or ADH1 reporter plasmids following shift to the nonpermissive temperature.
the FUS3 gene, which is transcriptionally upregulated by ␣ factor (Elion et al., 1990) . As shown in Figure 3D , in Figure 5 . The CLN2 or CLB5 promoter was inserted FUS3 was transcribed normally in the presence or abupstream of a lacZ reporter and the fusion genes introsence of functional yTAF II145. Furthermore, ␣ factor induced into a wild-type or yTAF II 145 temperature-sensicreased FUS3 transcription similarly in the presence or tive mutant strain. As a control, the ADH1 promoter, absence of functional yTAF II145. These results indicate which does not require yTAF II 145 (Walker et al., 1996) , that the ␣ factor transcriptional response is not depenwas fused to lacZ and analyzed in parallel. The results of dent upon yTAF II145. Figure 5 show that, like the endogenous CLN2 and CLB5 Collectively, the results of Figure 3 demonstrate that genes, transcription of the plasmid-borne CLN2-lacZ the loss of G1 cyclin and CLB5/6 transcription following and CLB5-lacZ fusion genes was yTAF II145-dependent. yTAF II 145 inactivation is a primary defect and not a conIn contrast, transcription of the ADH1 promoter-lacZ sequence of the cell cycle arrest. fusion gene was unaffected by yTAF II145 inactivation.
Specificity of the yTAF II 145 Requirement
Genetic Interaction between yTAF II145 and CDC28 We next asked whether the dependence upon yTAF II 145
Progression through G1/S is dependent upon the cyclinfor transcription of cyclin genes was specific for this dependent kinase activity of Cdc28 (reviewed in Nasparticular subunit or reflected a more general requiremyth, 1993). For example, certain conditional cdc28 mument for yTAF II s. Transcription of the G1 cyclin genes tants, such as cdc28-4, cause specific G1/S arrest under CLN1 and PCL1 was analyzed in yeast strains harboring nonpermissive conditions (Surana et al., 1991) . The obtemperature-sensitive mutants of two other subunits of servations that transcription of G1/S cyclin genes rethe yTAFII complex: yTAFII90 and TSM1. Inactivation of quires functional yTAF II 145 ( Figure 2 ) and that cdc28-4 yTAFII90 and TSM1 results in a G2/M arrest (Apone et (Surana et al., 1991) and yTAF II 145 temperature-sensial., 1996; Walker et al., 1996) , a cell cycle phase in which tive mutants (Walker et al., 1996) both arrest in G1 sug-G1 cyclin genes are transcriptionally inactive. To circumgested that yTAFII145 and Cdc28 act in a common cell vent this problem, cells were first synchronized with ␣ cycle-regulatory pathway. To test this prediction, we factor and then shifted to the nonpermissive temperaasked whether yTAFII145 and Cdc28 genetically interact ture, followed by removal of ␣ factor to release the cell using a synthetic lethal assay. cycle block. As shown in Figure 4 , transcription of CLN1
In Figure 6 , we analyzed growth of strains containand PCL1 was unaffected 0.5 and 1 hr following incubaing the temperature-sensitive mutant taf II 145-2 alone, tion at the nonpermissive temperature, times at which cdc28-4 alone, or both taf II 145-2 and cdc28-4. The strain transcription was severely compromised or abolished harboring both taf II 145-2 and cdc28-4 also contained following inactivation of yTAF II 145 (see Figure 2) . At 2 wild-type TAF II 145 on a URA3 plasmid (pTAF II 145), which hr following the temperature shift, transcription began could be eliminated by growth on 5-FOA-containing meto decrease, because, first, the cells arrested in G2/M dium. As expected, cells containing either cdc28-4 or and, second, other yTAFII subunits, in particular yTAFII145, taf II 145-2 alone grew normally at the permissive temperbecome degraded following inactivation of a single ature (28ЊC) but failed to grow at the nonpermissive yTAFII (Walker et al., 1996) . We conclude that CLN1 and temperature (37ЊC). Cells containing cdc28-4, taf II145-2, PCL1 transcription requires yTAFII145 but not yTAFIIs in and wild-type TAF II145 grew on synthetic complete general. medium ( Figure 6 , SC). However, in the absence of wild-type TAFII145, cells harboring both cdc28-4 and tafII145-2 failed to grow at 28ЊC (Figure 6, 5FOA ). This Cyclin Promoters Confer yTAF II 145-Dependent Transcription synthetic lethal interaction indicates that yTAF II 145 and Cdc28 act in a common cellular pathway. The combined In the above experiments, transcription was measured on endogenous G1 cyclin and CLB5/6 genes. To detergenetic and transcription data argue that yTAF II 145 mediates G1/S progression, at least in part, by facilitating mine whether it was the promoters of these genes that are necessary and sufficient to confer yTAF II 145-depentranscription of G1/S cyclin genes whose products in turn activate Cdc28. dent transcription, we carried out the experiment shown Growth of the indicated yeast strains after 3 days at the permissive (28ЊC) or nonpermissive (37ЊC) temperature on synthetic complete (SC) or 5-FOA-containing (5FOA) medium is shown.
Depletion of TFIID Components in Stationary
yTAF II s (Apone et al., 1996; Moqtaderi, et al., 1996b; Walker et al., 1996) . This conclusion was based upon two Phase Cells At high cell density, yeast enter a reversible, nonproliferindependent strategies to inactivate yTAF II s functionally: temperature-sensitive mutations and conditional depleating stationary phase characterized by unbudded cells and unreplicated nuclear DNA (reviewed in Wernertion. Here we have confirmed and extended this result by analyzing the global mRNA population. Although in- Washburn et al., 1993) . In this stationary phase, cells have exited from the cell cycle and are in a reversible activation of all yTAFIIs tested behaved similarly, the results with yTAFII145 are most compelling: yTAFII145 is G0-like state. Cdc28 is inactive in stationary phase cells (Mendenhall et al., 1987) , suggesting a cyclin defect.
the only yTAFII known to contact TBP directly (Reese et al., 1994) , and its higher eukaryotic homolog dTAFII230/ General RNA polymerase II-directed transcription is also substantially decreased by an unknown mechanism hTAFII250 is always required to reconstitute TFIID activity in vitro (Chen et al., 1994; reviewed in Burley and (Werner-Washburn et al., 1993) .
Strains bearing TAF II 145 temperature-sensitive mu- Roeder, 1996) . Thus, inactivation of yTAF II 145 is also expected to compromise the activity of the other yTAF II s. tants arrest as small unbudded cells with a G 0 -like morphology (Walker et al., 1996) Figure 7A ) were analyzed by immunoblotting for yTAF II s and GTFs. As expected, even manuscript (Shen and Green, 1997 [this issue of Cell]), a systematic mRNA screening approach was used to at the highest cell density Ͼ90% of the cells were viable (data not shown). Figure 7B shows that as cells identify other genes whose transcription also requires yTAFII145. These new results rule out the possibility that approach stationary phase, the levels of yTAFII145, yTAFII90, yTAFII68, yTAFII47, and TATA box-binding prothe apparent dispensability of yTAFII145 for many other genes resulted from some deficiency of the experimentein (yTBP) decreased dramatically. In contrast, yTAFII60 and several GTFs including Sua7 (yeast TFIIB), SRB4, tal approach. The other yTAF II s that have been tested to date are also not required for transcription of many and TOA1, a TFIIA subunit, were unaffected. We conclude that the intracellular levels of TFIID components, yeast genes (Apone et al., 1996; Moqtaderi et al., 1996b; Walker et al., 1996) . It will be important to determine not GTFs, are regulated by the cellular growth state.
Treatment with ␣ factor also causes withdrawal from whether these other yTAF II s, like yTAF II 145, are required for transcription of a particular subset of genes. the cell cycle in G1, but unlike the stationary phase, there is no global defect in RNA polymerase II-directed
The requirement of yTAF II 145 for transcription of G1 cyclins and CLB5/6 provides an explanation for the cell transcription. To determine if a similar mechanism was operative under these conditions, ␣ factor-treated cells cycle arrest following yTAFII145 inactivation (Walker et al., 1996) . We have been unable to rescue the temwere analyzed by immunoblotting. The results show that the levels of yTAFIIs, TBP, and GTFs were unaffected perature-sensitive growth defect of strains harboring yTAFII145 mutants by forced expression of G1 cyclins by ␣ factor treatment ( Figure 7C) . Thus, the downregulation of TFIID components in stationary phase cells is and/or Clb5/6 (data not shown). This observation is most likely explained by the requirement of yTAFII145 for trannot a general consequence of withdrawal from the cell cycle.
scription of multiple essential genes, such as those described in Shen and Green (1997).
Discussion Higher Eukaryotes
Our results are not inconsistent with the limited in vivo Previous studies have shown that transcription of a variety of genes occurs normally in the absence of multiple studies of TAF II s in higher eukaryotes. For example,
TAFIIs and Cellular Growth Control
The results presented here and elsewhere raise the possibility that TAF II s may have a specialized role in the transcriptional control of the cell cycle and cellular growth state. The principal observation that inactivation of specific yTAF II s results in distinct cell cycle phenotypes (Apone et al., 1996; Walker et al., 1996) suggests that individual yTAF II s mediate cell cycle progression through unique activities or targets. For yTAF II 145/ TAF II 250, this cell cycle phenotype is conserved from yeast (Walker et al., 1996) through mammals (Talavera and Basilico, 1977) . We have found that yTAFIIs are themselves regulated by the cellular growth state: upon entry into a quiescent stationary phase, the levels of several yTAFIIs and TBP but not other GTFs decreased dramatically, explaining the global loss of transcription in these cells (WernerWashburn et al., 1993) . In mitosis, RNA polymerase IIdirected transcription is also shut off (Prescott and Bender, 1962 ) by a mechanism involving mitosis-specific phosphorylation of yTAF II s and TBP (Segil et al., 1996) .
Finally, a phylogenetic comparison of transcription and cell cycle machineries is also supportive of a dedicated role for TAF II s in cell cycle control. The most primitive organisms with a eukaryotic-like transcription apparatus are the archaea, which contain homologs of eukaryotic RNA polymerase II, and several GTFs, including TBP and TFIIB (reviewed in Klenk and Doolittle, 1994) . However, the recently completed sequence of an archaeal genome reveals the absence of TAF II homologs (Bult, et al., 1996) , indicating that TAF II s are common only to organisms with a eukaryotic cell cycle. Collectively, these results suggest that TAF II s may be among the most ancient mediators of the cell cycle. The wild-type (YSW87) and TAF II145 temperature-sensitive mutant (C) Immunoblot of whole-cell extracts prepared from asynchronous (YSW93) strains used in these studies have been described pre-(AS) or ␣ factor arrested (␣) cells (strain YSW110). The immunoblot viously (Walker et al., 1996) . The TAF II90, TSM1, TBP, SRB4, and was probed with antibodies to the yTAFII or GTF indicated on the RPB1 temperature-sensitive strains have also been described preright.
viously (Cormack and Struhl, 1992; Thompson and Young, 1995; Apone et al., 1996) . YSW110 (YSW87, bar1::URA3), YSW111 mammalian cell lines harboring a temperature-sensitive (YSW93, bar1::URA3), LY184 (TAFII90, bar1::URA3), LY185 (tafII90-2, bar1::URA3; Apone et al., 1996) and WCS101 (tsm1, bar1::URA3) TAFII250 allele support transcription of a number of used for the ␣ factor arrest experiments were constructed by dismRNA-encoding genes at the nonpermissive temperarupting BAR1. The SalI-EcoRI fragment of pJGsst1 (Reneke, et al., ture (Hirschhorn et al., 1984; Liu et al., 1985) , including 1988) was used to transform YSW87, YSW93, LY177 (TAFII90), LY20
the highly inducible c-fos (Wang and Tjian, 1994) .
(tafII90-2), and RY570 (tsm1) to uracil prototrophy, and sensitivity to A recent study (Sauer et al., 1996) has described domimating pheromone was confirmed by microscopic examination of nant negative mutants of Drosophila TAF II s that interfere Ura ϩ transformants exposed to synthetic ␣ factor. For stationary with transcription of certain developmentally regulated phase experiments, W303a 112 trp1-1 ura3-1 can1-100) was used. All strains were grown in rich Drosophila genes. Whether, as in our experiments, inacmedia (YPD) or selective medium supplemented with dextrose tivation or depletion of these dTAFIIs also prevents tran- (Guthrie and Fink, 1991 ).
scription was not tested. Nonetheless, the identification of specific Drosophila genes that are TAFII-dependent is completely consistent with the results presented here
RNA Preparation and Analysis
Yeast cells were harvested rapidly by centrifugation, washed of and in Shen and Green (1997) . What remains unknown media, and stored at Ϫ80ЊC. Total RNA was prepared by glass bead is whether these and other dTAF II s are required or discell disruption as described previously (Apone et al., 1996) . For pensable for transcription of most Drosophila genes. In
Northern blotting, 20 g of each RNA sample was subjected to this regard, although transcription was reportedly comelectrophoresis in a formaldehyde/agarose gel, followed by transfer promised in dTAF II heterozygous mutant embryos, these to a nylon membrane, and hybridization analysis as described (Ausuembryos gave rise to normal flies (Sauer et al., 1996) , bel et al., 1995) . Fragments consisting of the open reading frame of the G1 cyclins CLB5, CLB6, and FUS3 to be used as probes for arguing against a general transcription defect.
Northern blot hybridization were prepared by polymerase chain rewere counterselected on 5-FOA-containing medium. Synthetic lethality was monitored by assaying growth of haploid strains derived action (PCR) amplification from either genomic or plasmid DNA followed by random prime labeling (Stratagene). Blots were stripped from several sets of tetrads on synthetic complete (SC) or 5-FOA medium at 28ЊC or 37ЊC. for reprobing by boiling in 0.1ϫ SSC/1% SDS.
For dot blotting, 10 g of each sample was applied to a nylon membrane according to the manufacturer's instructions (Dupont/ Stationary Phase Experiment NEN Research Products; Boston, MA). The membrane was then Yeast strain W303a was grown in YPD at 30ЊC, and culture growth probed for 18 hr at 37ЊC with 32 P-oligo(dT)20 in 5ϫ SSC (20ϫ SSC was monitored by optical density and cell counting. Equivalent numis 3 M sodium chloride/0.3 M sodium citrate [pH 7.0]), 5ϫ Denhardt's bers of cells were periodically removed, harvested by centrifugation, solution (100ϫ Denhardt's is 20 mg/ml each of Ficoll 400, polyvinylwashed of media, and prepared for immunoblot analysis by glass pyrrolidone, and bovine serum albumin), 0.5% SDS, and 0.1 mg/ml bead disruption as described previously (Walker et al., 1996) . Protein salmon sperm DNA, washed three times each with 2ϫ SSC/0.1% samples were then subjected to SDS-polyacramide gel electropho-SDS and 0.2ϫ SSC/0.1% SDS at room temperature, and exposed resis and immunoblotting (Harlow and Lane, 1988) . to film.
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